Novel amorphous/crystalline composites were developed combining the ductile copper matrix with hard CuZr-based amorphous powder. The amorphous powders of two compositions, Cu 39.2 Zr 36 Al l4.8 Ni 10 Ti 10 and Cu 39.2 Zr 35.2 Al 5.6 Ni 10 Ti 10 , produced by ball milling were used for reinforcement of the composites. Different mixing techniques, magnetic mixing, ultrasonic mixing and high-energy ball milling, were applied in order to create a homogenous mixture of the powders. The composites were produced by hot pressing under a purified argon atmosphere. Their microstructure, homogeneity and mechanical properties were investigated. It was observed that before hot pressing, minimal porosity had been obtained for the composite blended for 15 min by the ball-mill with a ball-to-powder ratio of 80:1. Its copper content was 50 wt %, which is the minimum to produce a compact composite. Reinforcing the copper by amorphous powders, the maximal compressive strength was enhanced to 490 MPa and 470 MPa, respectively, for the abovementioned composites. The yield strength of the copper due to reinforcement increased drastically from 150 MPa to 400 MPa and 420 MPa.
Introduction
Particle-reinforced metal matrix composites (MMC p ) have been studied over the past decades.
Combining the large ductility of the matrix with the high hardness (strength, stiffness) of the reinforcement, a new composite with enhanced mechanical properties can be created. Recently, CuZr-based metallic glasses have attracted great attention due to their high strength and high thermal stability against crystallization with lower costs than Zr-based metallic glasses. Cu, Zr and Al have advantageous properties such as good toughness indicated by their high Charpy impact value, good corrosion resistance, and high glass-forming ability (GFA) [1] . Amorphous particles can be produced by mechanical milling or mechanical alloying [2, 3] . In the last years, amorphous particulate reinforced lightweight metal (Al [4, 5] , Mg [6] [7] [8] ) composites were investigated owing to their high specific strength and low density. The metallic nature of the reinforcing phase plays an important role in achieving good bonding between the matrix and the glassy reinforcement in contrast to the usual conventional ceramic reinforcing phases, where detrimental interfacial reactions often occur. Ceramics
Experimental Procedures
Master alloy ingots with the compositions Cu 39. 2 10 , respectively were prepared by arc melting of pure metal mixtures under purified argon atmosphere. Amorphous powders were obtained in a Pulverisette 5 high-energy ball-mill in argon atmosphere [21] . Crystalline copper powder of 99.9 wt % purity was added with a mass percentage of 30, 40 and 50 to the amorphous powders. Different mixing techniques were applied to obtain homogenous mixture of powders. Table 1 summarizes the composite samples under investigation and their mixing techniques. Wet mixing in alcohol (hereinafter referred to as "magnetic mixing") was carried out using a Heidolph MR Hei-Standard magnetic stirrer (Heidolph, Schwabach, Germany) at room temperature with 1000 rpm for 10 min. An UP200S ultrasonic processor (Hielscher, Teltow, Germany) was also used as homogenizer. Ultrasonic homogenizing is a mechanical process to mix small particles so that they become uniformly distributed. The source of ultrasound was immersed in the dry powder and emitted ultrasonic waves for 15 min. High-energy ball-mill with different parameters was used for mixing of the samples in the dry state as well. The ball-to-powders ratio was 20:1 and 80:1. The mixing process lasted 5, 10 and 15 min. The mixed powders were hot-pressed at 390 • C under 1 GPa pressure for 4 h in high-purity argon atmosphere in order to obtain amorphous/crystalline composites. This optimal temperature is high enough to form metallic bonding between the particles and low enough not to allow crystallization of amorphous powders. Samples with a diameter of 7 mm and a height of 7 mm were produced.
After standard metallographic preparation, the microstructure, homogeneity and porosity of each composite were investigated by a Quantimet Image Analyser using Leica Software (LeicaQWinProV2.3, Leica, Wetzlar, Germany). The microstructure was analyzed by a Hitachi S4800 Field Emission Scanning Electron Microscope (SEM, Hitachi, Tokio, Japan) equipped with a Bruker AXS Energy-dispersive X-ray Spectrometer (EDS) system.
Hardness measurements were performed by a Wolpert UH 930 equipment (Illinois Tool Works Test and Measurement, Shanghai, China) applying a load of 30 kg for 15 s for all composites. The microhardness of initial powders was measured using a load of 50 g for 15 s. The particle size of the amorphous powders was measured by a Horiba LA-950 V2 particle size analyser (Horiba, Kyoto, Japan). Compression tests were carried out by an Instron 5982 electromechanical universal material testing equipment (Instron, Grove, PA, USA) with a strain rate of 1 × 10 −2 s −1 and 1 × 10 −4 s −1 at room temperature. Three samples of each composition were measured. Figure 1 shows the morphology of the initial copper powder, which has a spherical structure with an average particle size of~50 µm. It can be observed that the powder contains a mixture of round-shaped particles of sizes up to 50-60 µm and sizes of a few micrometers, as well. The particles coagulate, which prohibits the homogenous mixing of the copper and the amorphous powders. The average Vickers microhardness of copper powder is 56 HV 0.05 . Figure 2 introduces the morphology of the amorphous powders obtained by ball milling. Two compositions with different particle sizes and hardness were selected. They have an average particle size of 29 µ m with a Vickers hardness of 593 ± 44 HV0.05 for Cu39.2Zr36Al4.8Ni10Ti10 and 74 µ m with 690 ± 28 HV0.05 for Cu39.2Zr35.2Al5.6Ni10Ti10, respectively. The effect of milling can be observed as cavities, pores and microcracks in the particles. Figure 3 presents the SEM images of the compacts with copper amounts of 30 to 50 wt %. The copper was sintered at 390 °C with no porosity owing to the high pressure of 1 GPa. As can be seen, the increasing content of the copper powder in the composites shows the same trend regardless of the mixing method. There are pores between the amorphous particles (AM) in the cases of 30 and 40 wt % copper in the composites. These amounts of copper are still not enough to form an interconnected network of copper particles with homogenous dispersion of the amorphous particles. As shown in Figure 3c ,f, 50 wt % of copper seems to be a sufficient amount to cover and separate the amorphous particles. The network obtained can improve the sinterability, which may lead to a high density of the composite [22] . Furthermore, consolidation of the samples can be improved by modifying the mixing methods. Figure 3 presents the SEM images of the compacts with copper amounts of 30 to 50 wt %. The copper was sintered at 390 °C with no porosity owing to the high pressure of 1 GPa. As can be seen, the increasing content of the copper powder in the composites shows the same trend regardless of the mixing method. There are pores between the amorphous particles (AM) in the cases of 30 and 40 wt % copper in the composites. These amounts of copper are still not enough to form an interconnected network of copper particles with homogenous dispersion of the amorphous particles. As shown in Figure 3c ,f, 50 wt % of copper seems to be a sufficient amount to cover and separate the amorphous particles. The network obtained can improve the sinterability, which may lead to a high density of the composite [22] . Furthermore, consolidation of the samples can be improved by modifying the mixing methods. Figure 3 presents the SEM images of the compacts with copper amounts of 30 to 50 wt %. The copper was sintered at 390 • C with no porosity owing to the high pressure of 1 GPa. As can be seen, the increasing content of the copper powder in the composites shows the same trend regardless of the mixing method. There are pores between the amorphous particles (AM) in the cases of 30 and 40 wt % copper in the composites. These amounts of copper are still not enough to form an interconnected network of copper particles with homogenous dispersion of the amorphous particles. As shown in Figure 3c ,f, 50 wt % of copper seems to be a sufficient amount to cover and separate the amorphous particles. The network obtained can improve the sinterability, which may lead to a high density of the composite [22] . Furthermore, consolidation of the samples can be improved by modifying the mixing methods. 
Results and Discussion

Analysis of the Initial Powders
Effect of the Amorphous-to-Crystalline Ratio on the Microstructure
Effect of Mixing on the Homogeneity
The hot-compacted composites exhibit different homogeneity, which is influenced by the mixing technique. Based on Section 3.2, the 50 wt % copper composite was selected for further investigations. 
The hot-compacted composites exhibit different homogeneity, which is influenced by the mixing technique. Based on Section 3.2, the 50 wt % copper composite was selected for further investigations. Figure 4 introduces the effect of various mixing techniques. The difference between the compacts is perceptible to the naked eye in the macrographs. The white particles are the copper grains and the grey ones are the amorphous grains. Magnetic mixing (MM) produces a visibly homogeneous dispersion of the particles (Figure 4a ). Ultrasonic mixed (UM) compacts have weak homogeneity, and the white particles of copper show the mixing lines (Figure 4b ), which is especially visible in both compacts mixed by the ultrasonic technique. Mixing by ball milling (BM) gives the appropriate result of a homogenous dispersion of both phases, which can be enhanced by adjusting the parameters. The BM with a short duration (maximum 15 min) and a ball-to-powder ratio of 20:1 resulted in better homogeneity in comparison to UM (Figure 4c ), which can be improved by increasing the ball-to-powder ratio up to 80:1 (Figure 4d ). 
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where N i is the number of particles inside the "i" ring; A i is the area of the "I" ring (pixel 2 ); N is the total number of particles in the visual field; A is the total visual field area (pixel 2 ) [23] . Four typical arrays (hexagonal, square, random and clustered) can be distinguished by this theory in order to describe the amorphous particle arrangement in the copper matrix. The inhomogeneity of the particle distribution can be indicated by the number and height of H(r) peaks ( Figure 5 ). Magnetic mixing is not recommended for these powders (Figure 5a) . By increasing the ball-to-powder ratio in ball milling, the homogeneity was slightly improved. Moreover, observing the effect of the milling time on the homogeneity (Figure 5b ), it can be concluded that this effect is not as strong as the ball-to-powder ratio. In the case of the alloys with other compositions (BM9), random arrangement of the particles can be achieved by mixing in a ball-mill with the following parameters: 15 min milling time and 80:1 ball-to-powder ratio, because the relative density values are around 1 (Figure 5c ). 
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Microstructure after Consolidation
High-resolution backscattered images of composites ball-milled with a ball-to-powder ratio of 80:1 are illustrated in Figure 6a-d. Figure 6a -c demonstrate the effect of the milling time on the microstructure of composites containing the amorphous powder of the Cu39.2Zr36Al4.8Ni10Ti10 composition. These pictures show the phase contrast between the darker grey copper matrix and the brighter amorphous reinforcing phase. Already after 5 min of milling, the contact surfaces between the two different phases are continuous and gapless. However, local powder agglomerations of amorphous powder result in porosity in the microstructure. Increasing the milling time, the agglomerations of the amorphous powder decreased (Figure 6e-g ). These powders need 15 min of mixing before hot pressing to become homogeneous and compact (Figure 6c,d ). 
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Mechanical Properties
Composites display enhanced mechanical properties owing to the properties and volume fraction of the reinforcing phase. In order to observe the effect of the amorphous phase on the mechanical properties, compression tests were performed on the composites prepared with the optimal parameters (blending by ball-mill with a ball-to-powder ratio of 80:1 for 15 min, using 50 wt. % of copper in the mixture, hot pressing at 390 °C with 1 GPa pressure for 4 h in a high-purity argon atmosphere). Figure 8a ,b show the stress-strain curves of the compressed materials, while Figure 8c introduces the macrographs of the samples after the tests. The compressive strength-strain curve of copper (the initial copper powder used as the matrix) displays a typical plastic curve with a hardening effect. The 
Composites display enhanced mechanical properties owing to the properties and volume fraction of the reinforcing phase. In order to observe the effect of the amorphous phase on the mechanical properties, compression tests were performed on the composites prepared with the optimal parameters (blending by ball-mill with a ball-to-powder ratio of 80:1 for 15 min, using 50 wt. % of copper in the mixture, hot pressing at 390 • C with 1 GPa pressure for 4 h in a high-purity argon atmosphere). Figure 8a ,b show the stress-strain curves of the compressed materials, while Figure 8c introduces the macrographs of the samples after the tests. The compressive strength-strain curve of copper (the initial copper powder used as the matrix) displays a typical plastic curve with a hardening effect. The compressive strength of the pressed pure copper reaches 350 MPa at 0.5% of strain. The maximal compressive strength is 490 MPa (BM6) and 470 MPa (BM9). The compressive stress-strain curves of the composites can be divided into four segments. In the first interval (between points 0 and 1 in Figure 8a,b) , the material deforms elastically, the entire specimen deforms homogeneously, and no plastic flow occurs. When the stress reaches point 1, the soft Cu matrix begins deforming plastically, and part of the load is transferred to the amorphous particles. The stress grows at the interfaces between the matrix and particles, resulting in micro-cracks as reported in [24] . At point 2, the micro-cracks originate from the Cu matrix and propagate inside the sample. Further increasing the load, cracks were observed to propagate through the amorphous particles. The Cu matrix fills the gaps between the cracked particles. When the stress approaches point 3, the behavior of stress-strain curve has a similarity to the pure Cu sample. compressive strength of the pressed pure copper reaches 350 MPa at 0.5% of strain. The maximal compressive strength is 490 MPa (BM6) and 470 MPa (BM9). The compressive stress-strain curves of the composites can be divided into four segments. In the first interval (between points 0 and 1 in Figure 8a,b) , the material deforms elastically, the entire specimen deforms homogeneously, and no plastic flow occurs. When the stress reaches point 1, the soft Cu matrix begins deforming plastically, and part of the load is transferred to the amorphous particles. The stress grows at the interfaces between the matrix and particles, resulting in micro-cracks as reported in [24] . At point 2, the micro-cracks originate from the Cu matrix and propagate inside the sample. Further increasing the load, cracks were observed to propagate through the amorphous particles. The Cu matrix fills the gaps between the cracked particles. When the stress approaches point 3, the behavior of stress-strain curve has a similarity to the pure Cu sample. Decreasing the strain rate from 1 × 10 −2 s −1 to 1 × 10 −4 s −1 , the maximal compressive strength reduced slightly to 460 MPa in the case of BM6 and 440 MPa in the case of BM9. All in all, by reinforcing the copper with amorphous powders, the maximal compressive strength can be significantly improved. It is implied that the appropriate combination of these materials significantly improves the strength of the composite.
It can be observed (Figure 8c ) that the copper does not reflect any external damage, and the only upset of the sample took place due to the compressive forming. An obvious difference can be seen between the copper and the composites. Cracks were found in the lateral surface of the composites, which are parallel to the compression direction. Based on visual observation, the visible cracks on the surface appeared after exceeding the maximum stress and moved into the central part of the samples with the increasing strain. It is assumed that the plastic deformation of the copper matrix was deflected by the amorphous particles. Under further compression and beyond the maximal compression stress, the stress decreased slowly below the elastic limit, especially in the case of the strain rate from 1 × 10 −2 s −1 . Then the stress increased slightly and afterwards remained constant with the increasing strain, indicating a steady-state stage in the case of all composite samples. Comparing the effect of the two amorphous reinforcing particles, it can be established that the softer amorphous particles improved the mechanical properties of the Cu matrix more effectively.
The yield strength of the copper was enhanced drastically owing to the reinforcement ( Figure 9 ) from 150 MPa to 400 MPa (BM6) and 420 MPa (BM9), thus more than twice. It means that the elasticity of the composites was higher than that of the copper. Direct comparison of the present mechanical data with those from other Cu-based composites reinforced by oxides and carbides is not possible because of the different techniques and reinforcing phases used; however, it is worth comparing some literary data. A Cu-based nanostructured composite with 5 vol % Al2O3 obtained by high-energy mechanical milling has a yield strength value of 486 MPa [8] ; with 5 vol % TiC, it reaches 661 MPa [11] . The composition Cu-2.4Ti-0.6C (mass %) prepared by two-step ball milling has a yield strength equal to 421-572 MPa, as reported in [10] . As concerns the effect of the strain rate, it can be established that the yield strength barely increases with higher strain rate. The results of the hardness correlate Decreasing the strain rate from 1 × 10 −2 s −1 to 1 × 10 −4 s −1 , the maximal compressive strength reduced slightly to 460 MPa in the case of BM6 and 440 MPa in the case of BM9. All in all, by reinforcing the copper with amorphous powders, the maximal compressive strength can be significantly improved. It is implied that the appropriate combination of these materials significantly improves the strength of the composite.
The yield strength of the copper was enhanced drastically owing to the reinforcement ( Figure 9 ) from 150 MPa to 400 MPa (BM6) and 420 MPa (BM9), thus more than twice. It means that the elasticity of the composites was higher than that of the copper. Direct comparison of the present mechanical data with those from other Cu-based composites reinforced by oxides and carbides is not possible because of the different techniques and reinforcing phases used; however, it is worth comparing some literary data. A Cu-based nanostructured composite with 5 vol % Al 2 O 3 obtained by high-energy mechanical milling has a yield strength value of 486 MPa [8] ; with 5 vol % TiC, it reaches 661 MPa [11] . The composition Cu-2.4Ti-0.6C (mass %) prepared by two-step ball milling has a yield strength equal to 421-572 MPa, as reported in [10] . As concerns the effect of the strain rate, it can be established that the yield strength barely increases with higher strain rate. The results of the hardness correlate with the yield strength values. The Vickers hardness of copper can be improved by the reinforcement from 100 HB1/30 to 112 (BM6) and significantly in the case of BM9 to 135 HB1/30 (Figure 9 ). Figure 10 presents the fracture surface of the composites after the compression test. The amorphous powder and the matrix can hardly be distinguished from each other in the backscattered images owing to their similar gray scale. However, they can be recognized due to the different fracture surface. It can be clearly observed that the amorphous powder has a smooth flat surface after breaking, while copper has a typical ductile fracture (Figure 10e ). Three typical destruction steps were discovered based on Figure 10b ,d: first of all, the interfacial bond between the two phases started to weaken and cracks appeared, causing a complete break as reported in [25] . Secondly, cracks were deflected by the amorphous powders, and thirdly, cracks propagated through the amorphous particles. Figure 11 introduces the cross-section of the samples after the compression test. The amorphous powders broke due to the stress, although the copper matrix deformed plastically. Copper was pressed (injected) by the stress into the gaps of broken amorphous particles. The amorphous powder and the matrix can hardly be distinguished from each other in the backscattered images owing to their similar gray scale. However, they can be recognized due to the different fracture surface. It can be clearly observed that the amorphous powder has a smooth flat surface after breaking, while copper has a typical ductile fracture (Figure 10e ). Three typical destruction steps were discovered based on Figure 10b ,d: first of all, the interfacial bond between the two phases started to weaken and cracks appeared, causing a complete break as reported in [25] . Secondly, cracks were deflected by the amorphous powders, and thirdly, cracks propagated through the amorphous particles. Figure 10 presents the fracture surface of the composites after the compression test. The amorphous powder and the matrix can hardly be distinguished from each other in the backscattered images owing to their similar gray scale. However, they can be recognized due to the different fracture surface. It can be clearly observed that the amorphous powder has a smooth flat surface after breaking, while copper has a typical ductile fracture (Figure 10e ). Three typical destruction steps were discovered based on Figure 10b ,d: first of all, the interfacial bond between the two phases started to weaken and cracks appeared, causing a complete break as reported in [25] . Secondly, cracks were deflected by the amorphous powders, and thirdly, cracks propagated through the amorphous particles. Figure 11 introduces the cross-section of the samples after the compression test. The amorphous powders broke due to the stress, although the copper matrix deformed plastically. Copper was pressed (injected) by the stress into the gaps of broken amorphous particles. 
Conclusions
In summary, new amorphous/crystalline composites were developed by combining ductile copper with hard CuZr-based amorphous powder. Minimal porosity (less than 2 v/v %) was obtained for the composite blended by the ball-mill with a ball-to-powder ratio of 80:1 for 15 min before hot pressing. The minimum copper content to produce a compact composite is 50 wt. %. Furthermore, this method seems to be the perfect route to blend the powders in view of the random arrangement of amorphous particles in the copper matrix. A clear and continuous interface can be observed between the phases in the composites. The amorphous reinforcement provides a significant increase in the compressive strength, yield strength and hardness. Under compression, the copper matrix holds the stress by plastic deformation, while the amorphous phases act as obstacle for the cracks, improving the mechanical values.
